In thispaper weshowhow asystemforperformingaufomaticsurface model ocquisitionfmm single object views can be designed. The surface acquisition pmcess is a hvo step one. Firstly, the surface normals are computed usinga shapegmm-shading algorithm.
t INTRODUCTION
Surface acquisition provides a route to automatic object and scene modelling that is of potential practical use to the computer graphics community. Broadly speaking, existing methods may be divided into those that are geometrical in nature and those that are based upon photometric models. Turning our attention Erst to the geometric methods, the main contribution here has been to exploit projective geometry to develop algorithms for 3D object reconstruction [ I] . Methodologically, the idea underpinning these algorithms is that of recovering both planar and curved surfaces from multiple views making use of calibration data and correspondance information. For curved surfaces there has been considerable success in using turntable sequences for surface reconstruction from both detected feature points and occluding contours [2]. Photometric methods, on the other hand, aim to recover surface information from shading or texture variations. This is a classical problem in the computer vision community, which has lead to a considerable literature on the development of algorithms for shape-fmmshading [3] , photometric stereo [4] and shape-from-texture [5] . However, the drawbacks of these algorithms are twofold. Firstly, they tend to oversmooth surface detail. Secondly, they are prone to error due to their numerical inestability.
In an effort to overcome the problems, Worthington and Hancock have developed a new framework for shape-from-shading [3] in which the image irradiance equation is treated as a hard constraint. The method delivers felds of surface normals (Gauss maps) at output. From the feld of surface normals, the surface height may be recovered by applying a surface integration algorithm as a post-processing step.
Our aim in this paper is to show how a surface acquisition system may be designed. We depart from the fact that a complete 3D representation of the object requires the depth information and the 'Supported by CONACYT. under grant No. 1464751151752. surface normals to be at band. This becomes evident ever since the normals are of capital importance for accelerating complex rendering tasks, while the depth data is essential when a mesh or spline representation is required. Following this rationale, our acquisition system makes use of shape-from-shading algorithms and surface height integration methods for recovering the feld of surface normals and the surface height of a Lambertian object from a single gray-scale image.
SYSTEM STRUCTURE
As mentioned earlier, in order to obtain a meaningful 3D representation of the object it is necessary to recover not only the surface height, but also the surface normals. Following this rationale, the surface acquisition process is performed in two steps. We commence by recovering the surface normals employing the shapefrom-shading algorithm developed by Worthington and Hancock [3] . Once the normals are at hand, we recover the surface height using a surface integration algorithm. For purposes of surface integrations, we have performed experiments with two different alternatives. The Erst of these is the graph-spectral surface integration method of Robles-Kelly and Hancock [6] . The second alternative consists of a geometric surface integration algorithm of Bors et al. [7] . The former was developed as a general surface integration algorithm that takes as input a feld of surface normals delivered by shape-from-shading algorithms, while the later is a method evolved from a study of terrain reconstruction using radar shapefrom-shading. Both techniques share the capability of taking the needle-maps (i.e. Gauss maps) delivered by the Worthington and Hancock [3] algorithm as input.
Details of the modules comprising our surface acquisition system are described later in this section. Taking practical considerations into account, the design of our surface acquisition system is such that delivers an OpenCL list at output. A diagram of the surface acquisition system is shown in Figure 1. 
. t Surface Normal Extraction
In the case of Lambertian renectance from a matte surface of constant albedo illuminated with a single point light-source, the obsewed intensity is independent of the viewing direction. The o b sewed intensity depends only on the quantity of absorbed light, and this in turn is proportional to the cosine of the incidence angle.
Suppose that is the unit-vector in the direction of the light source and that $. is the unit-vector in the surface normal direction at the pixel i. According to Lambert's law, the observed image intensity at the pixel i is E, = 3, . i. equation does have a simple geometric interpretation which can be used to constrain the direction of the surface normal. The equation specifes that the surface normal must fall on the surface of a right-cone whose axis is aligned in the light-source direction e and whose apex angle is arccos(E).
Worthington and Hancock [SI exploit this property to develop an iterative process for shape-from-shading. They show how curvature consistency constraints can be used to recover meaningful topographic surface structure [3]. According to this geometric framework, the surface normals are constrained to fall on an irradiance cone whose axis is in the light source direction and whose apex angle is proportional to the inverse cosine of the measured image brightness. The azimuthal angle of the surface normal on the irradiance cone is determined by local smoothness contraints.
Geometrie Surface Integration
The f n t alternative for the surface integration module of our surface acquisition system employs a geometric surface height recovery method. Here, we recover the surface height making use of surface height reference and the feld of surface normals. The algorithm commences locating a height reference on the pixel lattice. Once the reference is at hand, we proceed to recover the surface height. We locate the height reference on the pixel lattice for the pixel i making use of the minimum distance r,,j From the pixel j t R to the plane defned by the line A; and the surface normal e;. To do this, we fnd the pixel-site corresponding to the pixel in R whose distance dt,] is smallest. Hence, for the pixel i , the reference pixelsite is
where the distance dr,* is given by and dt,;(z) and d~, ; ( y ) are the Euclidean distances on the image row and column directions from the pixel 1 to the pixel i.
Once the height-reference pixel is at hand, we can proceed to recover the surface height. We note that, at iteration n, the height where k is a normalisation constant which determines the vertical scale. The sign is determined by the projection of the surface normal onto the image plane. This is due to the inherent sign difference between those lines tangent to the surface whose slopes are positive and those whose slopes are negative. Hence, if the normal points away from the pixel i' and towards the pixel i, the expression on the left-hand side of Equation ( 5 ) is positive. If this i s not the case, then the expression is considered to be negative.
At the frst iteration, the algorithm commences from the pixel i whose brightness is maximum. In order to recover the surface height in an incremental manner, at each iteration, we only compute the height for those pixels j t R, such that d,,j < TI"), where y(nJ is a threshold value that increases with iteration number. The two steps of the algorithm (i.e. height reference estimation and surface height recovery) are interleaved so the height recovery process can be propagated making use of a grassfre algorithm. Convergence is reached when the height corresponding to all the pixels in the image has been recovered.
Graph-speetral Surface Integration
The second alternative for the surface integration module of our system adopts a different approach to the problem. The algorithm performs surface integration fnding a set of pixel locations which can be connected by a curvature minimising path.
To commence, we require some formalism, suppose that the unit surface normal at the pixel indexed i on the "image" plane is denoted by e,. Further suppose that the normal curvature of the path connecting the pixels i and j is ~, , j .
Let rs be a path that connects the pixel sites belonging to a patch whose constituent pixels are contained in the set S . where k is a constant and N i is the set of pixels-neighbours of the pixel a. Hence, the curvature weight is only non-zero if pixels abut one-another. From the curvature dependant weights, we construct a transition probability matrix in which the upper diagonal elements sum to unity. The element in the row indexed i and column indexed? is
We proceed to construct the matrix A ( ' ) whose elements are defned as follows 0 i f P , , < < l Pt3 otherwise A,, (I) = Suppose that there are m distinct surface patches, each associated with an adjacency matrix E,. If C represents a noise matrix, then the relationship between the observed transition matrix A(') and the underlying block-structured transition matrix is A(') = E ( ' ) + C , where B ( ' ) is the block-diagonal matrix To recover the matrix E , we proceed as follows. First, we compute the leading eigenvector 4; of Ar'). Once this frst patch is to hand, then we set to zero the elements belonging to it in the adjacency matrix to zero. The updated adjacency matrix is given by We then com Ute the leading eigenvector 4; of the revised adjacency matrix Apzl to locate the second most signifcant patch. We iterate this process until all of the elements of the adjacency matrix have been set to zero (i.e each of the patches has been detected).
In this manner, the surface integration algorithm proceeds along the sequence of pixel sites defned by the order of the co-effcients of the leading eigenvector associated with the separate patches. For the kth patch, the path is r k = (jL,jz,j23 ....,) where the order of the co-effcients of the leading eigenvector for this patch is such that d;(jk) > q5;(?:) > $i(j:) > ..._ As we move from pixel-site to pixel-site defned by this path we recover the surface from the Gauss map by incrementing the height function using the local slope parameters. At step n of the algorithm, we make a transition from the pixel with path-index jn-, to the pixel with path-index j,. To perfom smoothing and height recovery, we make use of the surface normals Nj., and N3,.-, at the two pixel-sites.
With the integration sequence to hand, we can compute the height increment. Using the trapezium rule the increment may 
EXPERIMENTS
We have experimented with a variety of images from classical statues. The objects studied are a detail of Michaelangelo's Moses and a section of the relief "The Three Graces". The images of these objects, which we have used as input for our surface acquisition system, are shown in Figurc 2. In Figure 3 , we show our frst sequence of results. The panels of the fgure are organised as follows. In the top row, we show two views of the recovered surface when using the graph-spectral surface integration method. In the bottom row, we show the resulb for the geometric integration method. From the different surface views it is clear that the surface structure is reasonably well recovered by both surface integration methods. However, the graphspectral method outperforms the geometric one. For instance, the shape of the nose, particularly in the proximity of the nostrils, is better reproduced when using the graph-spectral module. Moreover, in contrast with the results obtained by the geometric integration method, the fne stmcture of the beard, the detail in the eye-sockets and the shape o f the cheek bones are all well recovered.
In Figure 4 , we repeat the sequence of panels showing different views of the recovered surface for a section of the relief "The Three Graces". However, only two of the subjects of the original sculpture are visible in the image of the section used. The same improvement in the performance of the system is clear when the graph-spectral method is used. For instance, the different views of the surface reveal that the detail of the legs and the indentation in the back of the left-hand fgure are recovered better by the graphspectral surface integration method.
Finally, in Figure 5 , we show a more quantitative study. The left-hand panel shows the normalised error when the graphspectral algorithm is used for purposes of surface integration. The right-hand panel shows the error for the geometric integration algorithm. We have used a computer generated mesh as ground truth. In the case of the the graph-spectral method, the error is never greater than 0.3, while when using the the geometric integration method the error can be as signifcant as 0.6
CONCLUSIONS
In this paper, we have presented a surface acquisition system composed by a surface normal extraction module and a surface integration one. For the later, we have provided two alternatives. The f n t of these employs a surface integration method based upon geometry, the second alternative makes use of graph-spectral theory for pulposes of surface integration. From our experiments, we can conclude that the surfaces obtained by using the graph-spectral integration method reproduce better the fne detail of the objects under study. Moreover, the use of the graph-spectral integration method reduces greatly the amount of localised errors in the recovered surfaces.
